In this work, electrical properties of simultaneously oxidized and nitrided sputtered Zr thin film on n-type Si via N 2 O gas were systematically investigated and charge conduction mechanisms through the oxide were quantitatively analyzed. Effects of simultaneous oxidation and nitridation duration on the metal-oxide-semiconductor characteristics were reported. It was revealed that 15-min oxidized/nitrided sample showed the highest effective dielectric constant, breakdown field, and reliability. This was attributed to the thinnest interfacial layer, lowest total interface trap, effective oxide charge, and highest barrier height between conduction band edge of the oxide and semiconductor. Depending on the applied electric field and oxidation/nitridation duration, charges were conducted through the oxide via space-charge-limited conduction, Schottky emission, Poole-Frenkel emission, and Fowler-Nordheim tunneling mechanisms.
Aggressive miniaturization of Si-based metal-oxidesemiconductor (MOS) devices has attributed more transistors to be packed in a chip. [1] [2] [3] Consequently, dimension of MOS structure has to be reduced proportionally without affecting its electrical design. 3, 4 Therefore, SiO 2 , which has been used for decades as a gate dielectric in MOS devices, has to be scaled down. As the oxide thickness is less than 1.2 nm, the occurrence of relatively huge leakage current through the oxide, due to direct tunneling of carriers, is highly possible. [3] [4] [5] [6] In order to overcome the aforementioned challenge, a high dielectric constant (κ) oxide acting as an alternative dielectric to supersede SiO 2 has been developed. The physical thickness of the high κ oxide must demonstrate similar or better MOS characteristics that are equivalent to the SiO 2 . 4, 7 Of several high κ oxides, ZrO 2 possesses advantages such as high enough κ value (22) (23) (24) (25) , [2] [3] [4] suitably large bandgap (5.8-7.8 eV), 3 good thermodynamic stability, 3, [8] [9] [10] minimal lattice mismatch with Si(100), 3, 11 and easily stabilized in the form of cubic or tetragonal polymorphs, which may further enhance its effective κ value. 3, 12, 13 Nevertheless, the ZrO 2 /Si interfaces are often regarded as nonideal owing to the existence of interface defects, which is arisen from surface-structural defects, oxidation-induced defects, or radiationinduced defects. [14] [15] [16] The interface trap has a significant impact on the reliability and lifetime of a MOS device, as it is a major contributor to leakage current besides the characteristics of the oxide itself. 16, 17 Therefore, various deposition techniques have been used to control the thickness and composition of interfacial layer (IL) in between the oxide and semiconductor. By doing that, acceptable level of interfacetrap density may be obtained. It is reported that formation of interface traps can be effectively suppressed by nitridation of a Si surface prior to the deposition of ZrO 2 film deposition or by incorporating nitrogen into ZrO 2 film. 18, 19 Chen et al. 18 demonstrated that a thinner IL (2.5 nm) with a lower interface trap density of a MOS structure with Si surface being nitrided prior to the oxide deposition. An ultrathin IL (2.2 nm) was also revealed by ZrO 2 incorporated with nitrogen to form a non-stoichiometric ZrO 2 (ZrON) film demonstrated. 19 Although the IL was thin, MOS characteristics of the capacitor was not improved significantly owing to a low effective dielectric constant (κ eff = 17) of the oxide.
Based on a review, 3 Zr metal sputtering in an inert gas ambient followed by thermal oxidation process is able to produce and control stoichiometry of the oxide. Several studies have also supported the statement whereby ZrO 2 thin films were successfully formed by a combination of Zr metal sputtering and oxidation process in an oxygen ambient. 5, [20] [21] [22] In this study, ZrO 2 thin films were formed by simultaneous oxidation and nitridation of sputtered Zr on Si in N 2 O ambient. The nitridation effect in this process is postulated to provide good electrical properties to the MOS device. As leakage characteristic is one of the critically important electrical properties for high κ dielectrics application in MOS devices, hence, it should be thoroughly studied based on the understanding of charge conduction mechanisms. By understanding the charge conduction mechanisms, it would help to estimate leakage characteristics of the ZrO 2 thin films quantitatively and to realize a highly reliable device. 23 There are a number of studies on charge conduction mechanisms in ZrO 2 thin film. [23] [24] [25] [26] [27] [28] [29] Various types of charge conduction mechanisms such as space-charge limited current (SCLC), Schottky emission (SE), Poole-Frenkel (PF) emission, and Fowler-Nordheim (FN) tunneling have been discussed in the literatures. [23] [24] [25] [26] [27] [28] [29] Leakage currents through sputtering and rapid thermal chemical vapour deposition (RTCVD) of ZrO 2 thin films have been reported by Chiu et al. 24 and Chang and Lin, 28 respectively. The tunneling currents in both reports have been modeled by SE and PF emission. The conduction mechanisms through ZrO 2 thin films were interpreted as two field-dependent leakage current components. Chiu et al. 24 identified that PF emission was governed at low electric fields (E ≤ 0.6 MV/cm) and SE at high electric fields (E > 0.6 MV/cm), whilst Chang and Lin 28 reported vice versa. Wang et al. 25 has studied on the temperature-dependence FN tunneling in sputtered ZrO 2 thin films and this mechanism was initiated at 2.3 MV/cm < E < 5.0 MV/cm.
Up to now, there are a number of researches reporting on the electrical properties and charge conduction mechanisms in ZrO 2 thin films on Si using various deposition techniques. In our previous work, we have reported on the detail investigation of structural and chemical properties of simultaneously oxidized and nitrided sputtered Zr thin film on Si via N 2 O. 30 Based on X-ray Photoelectron Spectroscopy (XPS) analysis, it has been proven that bulk ZrO 2 and IL of ZrSiON and its related compounds have been formed. The thickness of IL was depending on the oxidation/nitridation duration. However, there is no report on the electrical properties of the oxide produced by this technique. Therefore, here the correlation between the structural, chemical, and electrical properties will be reported. It is examined that the Al/ZrO 2 /IL/n-Si MOS capacitors fabricated by this technique possesses improved electrical properties. Besides, various types of charge conduction mechanisms through the oxide will be analyzed and reported.
Experimental
Bare n-type (100) Si wafers (1-10 cm) were used as the substrate in this study. Following the standard cleaning procedures, the Si surface was first cleaned by an ultrasonic and RCA cleaning. Subsequently, the substrate was dipped into diluted HF solution (1 HF : 50 H 2 O) to remove native oxide of the wafer. By utilizing a RF sputtering system (Edwards Auto 500), a 5-nm thick Zr film was deposited on the cleaned Si substrates. The working pressure, RF power, inert Ar gas flow, and deposition rate were regulated at 1.2 × 10 −7 Torr, 170 W, 20 cm 3 /min, and 0.2 nm/s, respectively. After the deposition, samples were loaded into a horizontal tube furnace and heated up from room temperature to 700
• C at a fixed heating rate of 10 • C/min in an Ar flow ambient. Once the set temperature was achieved, N 2 O gas was introduced with a flow rate of 150 mL/min for a set of durations (5, 10, 15 , and 20 min) before allowing the furnace to be cooled down to room temperature in an Ar ambient. The samples were withdrawn from the furnace after it was cooled down to room temperature in an Ar ambient.
In order to test the electrical properties of the film, MOS capacitor test structure was formed by depositing a 100-nm thick aluminium (Al) film, acting as a gate electrode, on top of the films. The area of a capacitor was photolithographically defined at 9 × 10 −4 cm 2 . In order to obtain an Ohmic back contact, a 100-nm thick Al film was deposited on backside of the Si substrate after removal of native oxide. Highfrequency (1 MHz) capacitance-voltage (C-V) and current-voltage (I-V) measurements were conducted by a computer-controlled Agilent HP4284 LCR meter and HP4155-6C semiconductor parameter analyzer (SPA), respectively. The temperature-dependence of leakage currents was performed in a closed vacuum chamber at temperatures ranged between 25
• C and 80
• C.
Results and Discussion
Capacitance-Voltage (C-V) measurements.- Fig. 1 shows the high frequency (1 MHz) C-V characteristics of MOS capacitors with Zr thin film being oxidized and nitrided for various durations (5-20 min). Depletion region is generally observed in the negative bias of all characterized capacitors. The capacitor with 15-min oxidized/nitrided sample shows the highest capacitance at accumulation level, followed by 20 min, 5 min, and the lowest capacitance is obtained by 10-min oxidized/nitrided sample. This variation can be related to the existence of interfacial layer sandwiched in between the ZrO 2 layer and Si substrate, as observed in energy-filtered transmission electron micrographs (EFTEM) in Ref. 30 . The thickness of interfacial layer varies (5 min: ∼7 nm, 10 min: ∼10 nm, 15 min: ∼4 nm, 20 min: ∼5 nm) according to their oxidation/nitridation duration, while the thickness of ZrO 2 is only increase slightly with 0.34-1.70% of changes as the oxidation/nitridation duration increases. Therefore, interfacial layer would take control of the overall capacitance of the stacked layer. 2 This can be explained by a double-layer stacking gate model (inset of Fig. 1 ). The total capacitance (C total ) of the stacked layer can be related by the following 
where, C ZrO2 and C IL represent capacitance of ZrO 2 and interfacial layer, respectively. Based on previous report, 3 C ZrO2 and C IL can be individually defined by: [2] where, C ox represents capacitance of individual oxide (ZrO 2 or interfacial layer), ε o is permittivity of free space (8.85 × 10 −12 F/m), A is area of capacitor, and t ox is thickness of ZrO 2 or interfacial layer. Since A and ε o are constants, thus, C ZrO2 and C IL are proportional to κ/t ox. Based on this relationship, as thickness of interfacial layer increases, total oxide capacitance of the MOS capacitor is reduced. Therefore, 15-min sample with the thinnest interfacial layers shows the highest total oxide capacitance; while 10-min sample with the thickest interfacial layers shows the lowest total oxide capacitance.
In the C-V measurements, it is also found that flatband voltage is shifted ( V FB ) negatively. This indicates the existence of positive effective oxide charges (Q eff ) in the oxide. 31 Q eff of the investigated samples was calculated by the following equation:
where, q is the electronic charge. The calculated Q eff for each sample is presented in Fig. 2a . Variation of Q eff as a function of oxidation/nitridation time is similar to the changes of interfacial-layer thickness with respect to the oxidation/nitridation time. Fig. 2b shows a correlation plot of effective oxide charge, total interface-trap density, slow-trap density, and dielectric breakdown field with interfacial-layer thickness. As the interfacial-layer thickness increases, the effective oxide charge and total interface-trap density increase. On the contrary, the slow-trap density and dielectric breakdown field reduce. Since thickness of ZrO 2 is almost constant, the contribution of interfacial layer on the Q eff is significant. It is concluded that the thicker the interfacial layer, the higher value of Q eff is obtained (Fig. 2a) . The obtained Q eff value is lower than the value reported in Ref. 5 . Hysteresis of the C-V measurements between forward and reverse bias is detected in all samples. As explained by Tanner et al. 32 and Dimitrijev et al., 33 this phenomenon occurs due to slow traps located at some distance from the interface. The slow-trap density (STD) can be indirectly associated with the hysteresis based on the following equation:
where, V is the difference between flatband voltages of a hysteresis curve. Based on the calculated value (inset of Fig. 2a) , it is revealed that 15-min oxidized/nitrided sample has the highest STD (4.62 × 10 11 cm −2 ). The change in STD as a function of oxidation/ nitridation time is in the reverse trend of Q eff and interfacial-layer thickness. As the interfacial layer becomes thinner, a higher STD value is produced (Fig. 2b) . Fig. 3 shows the oxide-semiconductor interface-trap density (D it ) of the investigated samples with respect to energy level of the trap. The D it value was estimated from high frequency C-V measurements using Terman method that had been performed at room temperature and the value was extracted according to the following relationship: under the D it -(E c -E) plot was calculated (Fig. 2) . The variation of D total as a function of oxidation time is similar to the changes of Q eff and interfacial-layer thickness. As the interfacial-layer thickness becomes thinner, the D total value is reduced (Fig. 2b) . The reduction of D total is most probably due to incorporation of nitrogen in the interfacial layers as being proven by XPS results in Ref. 30 . Based on the XPS analysis, Zr-N and Si-N are the two possible compounds being formed; in which their concentrations is indirectly related to an area under a deconvoluted peak from the chemical depth profile of N 1s spectra examined at the interfacial layers (inset of Fig. 4 ). This result is extracted from Ref. 30 . It is observed that as the concentration of Zr-N increases, D total is reduced. Similar observation has been recorded for Si-N. However, when the concentration of Si-N is too high (or much higher than the concentration of Zr-N), an adverse effect on the interfacial quality is detected (10-min oxidized/nitrided sample). This is because lattice mismatch between Zr-N (a = 0.45600 nm 37 ) and Si is smaller if compared with Si-N (a = 0.56217 nm, c = 0.77541 nm 38 ) and Si. As a result, lesser strain is induced in Zr-N/Si system than in Si-N/Si system. In order to lower the interface-trap density, concentration of Zr-N and Si-N must be optimized. The lowest total interface-trap density obtained in this experiment is ∼7 × 10 12 cm −2 , which is obtained from 15-min oxidized/nitrided sample.
Based on Eq. 2, effective dielectric constant (κ eff ) of the oxides (ZrO 2 + IL) was estimated. C ox was obtained from Fig. 1 and the total oxide thickness was measured from EFTEM images in Ref. 30 . • C). The leakage current density-electric field (J-E) characteristics of all investigated samples were obtained by transforming the current-voltage (I-V) measurements obtained from the computer-controlled SPA system. The E value was estimated by: From J-E measurements, time-zero dielectric breakdown (TZDB) reliability tests had been performed 42 at room temperature (25 • C). A total of 25 capacitors were tested and cumulative failure percentage of the breakdown is presented (Fig. 6) . Based on the plot, sample oxidized/nitrided for 15 min has shown the highest reliability.
From the reliability plot (Fig. 6 ), the trend of dielectric breakdown field as a function of oxidation time is reverse when compared with the trend of interfacial layer thickness 30 ( Fig. 2a) , of effective oxide charge (Fig. 2a) , and of total interface-trap density (Fig. 2a) with respect to the oxidation time. As the IL thickness reduces, density of effective oxide charge and interface trap reduce, and oxide breakdown field increases. In addition, the oxide breakdown field is also affected by slow trap density (inset of Fig. 2) . It is observed that as the trap density is higher, a larger oxide breakdown field can be obtained. The inter-relationship of normalized interfacial layer thickness against normalized effective oxide charge, slow trap density, total interface-trap density, and dielectric breakdown is plotted using a linear regression method (Fig. 2b) , with coefficient of determination or goodness of fit, r 2 , of 0.97, 0.84, 0.96, and 0.86, respectively. An example of family of a temperature-dependence J-E characteristic for 15-min oxidized/nitrided sample is plotted in Fig. 7 . There are two instantaneous increments of leakage current densities that can be observed at two particular electric fields. The instantaneous increment in current density at lower electric field is relatively small when compared with others and it is defined as soft breakdown (E B ). Conversely, the instantaneous increment in current density at higher electric field is larger and it is attributed to a permanent oxide breakdown. This is referred as hard breakdown (E HDb ). As the temperature increases, E B and E HDB decrease. This observation is applicable to all investigated samples. By investigating the charge conduction mechanisms through the oxides, leakage path causing these breakdowns (E B and E HDB ) can be understood and identified.
Several possible charge conduction mechanisms that are responsible for the leakage current have been considered for the Al/ZrO 2 /IL/nSi MOS capacitors fabricated in this study. As positive gate voltage is applied on the gate electrode, electrons as the majority carriers in n-type Si are being accumulated. This forms an Ohmic contact between the semiconductor and oxide. When the density of the accumulated electrons is higher than the density of free carrier available in the oxide, it facilitates and initiates injection of electrons into the oxide. Due to the density of free carrier in the oxide is extremely low if compared to the density of the accumulated electrons in the forward-biased semiconductor, therefore, the injection of electrons into the oxide happens at extremely low gate voltage. In other words, the electrons will be forced into the oxide at ultralow gate voltage before it tunnels through the oxide at high gate voltage. Based on the original theory reported by Lampert back in 1956, 43 it is stated that impurity and defect states in insulators will cause a low density of free carriers and consequently charge unbalance is easily produced by electric fields. Subsequent injection of electrons will cause unbalanced charges in the oxide, thus forming a space charge region, which will hinder or limit further injection of electron into the oxide. As the localized oxide and oxide-semiconductor interface trap density increases, the space-charge-limited conduction (SCLC) enhances. 43, 44 As stated by Lampert's theory of SCLC at low gate voltage, the current densityvoltage (J-V) characteristic are confined in a triangle in the logarithm J-V curve, governed by three limiting mechanisms, i.e., Ohm's law, trap-filled-limit (TFL) conduction, and Child's law. 43 These mechanisms can be mathematically described as follow, respectively: [43] [44] [45] J Ohm = qn o μV g /t ox [7] where, J Ohm , J TFL , and J Child are the current density due to Ohm's law, TFL conduction, and Child's law, respectively, n o is the concentration of free charge carriers in thermal equilibrium, μ is the electronic mobility in the oxide, κ is the dielectric constant of the oxide, B is an l-dependent parameter, l = (T C /T), T C is a characteristic temperature related to trap distribution and T is the absolute temperature. Fig. 8 shows an example of typical logarithm J-V plot measured at various temperatures and fitted with Ohm's law (J α V g ) and TFL conduction (J α V g n , where n = l + 1) in a MOS capacitor with Zr thin film being oxidized/nitrided for 15 min. For charge conduction obeying Ohm's law, the gradient (S) of the slope ideally should be 1.
43, 44
The extracted gradients from all investigated samples are comparable to 1 and the extracted values are presented as a function of oxidation time in Fig. 9 . The error bar represents the median and standard deviation of the gradient for samples measured at different temperatures. Since the gradients for all samples are close to 1, it can be concluded that they are obeying Ohm's law.
As the electric field increases, the investigated oxides experiences TFL conduction process (Fig. 8) . The gradients (n) of that plots of all investigated samples have been extracted and presented in Fig. 10 , with n ≈ 2. The n value reduces as the thickness of IL reduces. The lowest n value is obtained by 15-min oxidized/nitrided sample with the thinnest IL. The reduction of n value indicates that density of the oxide and oxide-semiconductor interface traps are lowered. However, the number of traps in the investigated samples could not be approximated using the approach reported by Rose, 46 due to the unavailability of necessary information for the approximation. This necessary information must be obtained from Child's law conduction mechanism, in which this mechanism is not dominance in the investigated samples.
When the electric field continues to increase, it has been found that Schottky emission (SE) and Poole-Frenkel (PF) emission of electrons through the investigated oxides contribute to the current flow. SE is a field-assisted thermionic emission of an electron over a surface barrier. 44 A standard SE can be modeled as:
where, A * = (4πqm*k 2 /h 3 ) = 120(m * /m o ) A/cm 2 /k 2 , which is termed as effective Richardson constant, J SE is the current density governed by SE, φ B is the Schottky barrier height, k is Boltzmann's constant, h is Planck's constant, k r is the dynamic dielectric constant of the oxide, and m * is the effective electron mass in the oxide, where, m * = 0.3m o , 24, 29, 47 in which, m o is the free electron mass. The rest of the symbols have been defined earlier. As reported in several literatures, 24, 44, 48 the standard SE model (Eq 10) was assumed to be correct. Fig. 11 shows a typical J-E plot measured at different temperatures for 15-min oxidized/nitrided sample fitted by linear extrapolation. Based on the linear fitting, the obtained r 2 was ranged 0.93-0.99. This indicates that the data are well-fitted with the standard SE model (Eq. 10). The highest values of φ B (1.90 eV) and k r (6.08) were attained by 15-min oxidized/nitrided sample measured at room temperature. For ZrO 2 , the k r value should be close to 6.25, which is the square of the refractive index, n = k r 1/2 = 2.5. 24 The fitted k r values are in the range of 4.60-6.08, which are well-matched with the refractive index of ZrO 2 . Both φ B and k r values reduce as the measured temperature increases, as shown in Fig. 12 and Fig. 13 , respectively.
According to Simmons's theory, 49 it suggested that a modified SE model should be used if the electronic mean free path (λ) in the insulator is less than the thickness of thin film. The modified SE 
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where, α = 3 × 10 −4 A s/cm 3 K 3/2 . The other terms are as used above. The values of φ B and k r obtained in the case of modified SE model are highly consistent with the values extracted from standard SE model. Nonetheless, to verify the validity of the modified SE model in this work, λ has to be examined. Accordingly, μ in ZrO 2 thin films has been calculated and the values lie in between 32.0-37.8 cm 2 /Vs and λ in ZrO 2 thin films is in the range of 54.66-64.50 nm, which is larger than the oxide thicknesses produced in this work. Therefore, the modified SE model is not valid in this work.
A similar linear fitting procedure has been used to examine the current density due to PF emission, J PF through the investigated oxides. PF emission is a field-assisted thermal de-trapping of a carrier from bulk oxide into conduction band, therefore it is a bulklimited conduction process. 44 A standard PF emission can be modeled as: [12] where, N c and φ t are the density of states in the conduction band and trap energy level in the oxide, respectively. The rest of the symbols have been defined earlier. Numerous reports 24, 44, 48 have assumed that the standard PF emission model is correct.
Fig. 14 displays a typical J-E plot measured at different temperatures for 15-min oxidized/nitrided sample fitted by linear extrapolation, with r 2 of 0.98-0.99. This also indicates that the data are well-fitted with the standard PF emission model (Eq. 12). Since the value of N c is unknown, it is impossible to determine the values of φ t and μ. The highest value of k r (6.56) was acquired by 15-min oxidized/nitrided sample measured at room temperature (Fig. 15) . The fitted k r values are in the range of 4.65-6.56, which are well-matched with the refractive index of ZrO 2 . 24 The value of k r reduces as the measured temperature increases. For room-temperature measurement results, the extracted k r values from SE and PF emission plots are compared with the values calculated from the C-V measurement (Fig. 16) . It is obvious that the dielectric constant value decreases as the IL thickness increases.
Barrier height (φ B ) of conduction band edge between Si and the oxidized layer was extracted from Fowler-Nordheim (FN) tunneling model. FN tunneling is referred to the flow of electron through a triangular potential barrier into conduction band of an insulator. The current density attributed to FN tunneling, J FN can be defined as follow:
where, Fig. 19 . The value of φ B shows a decreasing trend as the IL thickness increases. Comparatively, the highest value obtained in this work is higher than the value reported in literatures. 24, 25, 51 Based on the above analyses, charge conduction mechanisms at room temperature with respect to electric field and IL thickness are demonstrated in Fig. 20 and Table I . The shaded regions in Fig. 20 show unknown charge conduction mechanism. Further investigation is required to identify the charge conduction mechanism in the shaded regions of Fig. 20 . E B and E HDB are included in Fig. 20 for comparison. According to the charge conduction mechanisms distribution plot, at lower electric field, leakage current may be due to Ohm's law and TFL that cause soft oxide breakdown. On the other hand, at higher electric field, the permanent oxide breakdown at the E HDB level may be due to the combination of SE, PF emission, and FN tunneling. 
Conclusions
On the basis of electrical characterizations that have been carried out, the electrical properties of the simultaneously oxidized and nitrided sputtered Zr thin film on Si via N 2 O and charge conduction mechanisms through the oxide were quantitatively analyzed and reported. Based on the C-V and J-E measurements at room temperature, it was verified that 15-min oxidized/nitrided sample demonstrated the best result, owing to the highest κ eff value of 21.82 and electrical breakdown field of 13.6 MV/cm at 10 −6 A/cm 2 , respectively. This is attributed to the thinnest interfacial layers, reduction in interface trap density, total interface trap density, effective oxide charge, and increment of barrier height between conduction band edge of the film and the semiconductor. The charge conduction mechanisms through the oxide have been evaluated at various temperatures of • C. The experimental measured data have been fitted with different charge conduction models, namely SCLC, SE, PF emission, and FN tunneling. Based on the charge conduction analyses, at lower electric field, the leakage current due to Ohm's law and TFL are the major sources contributing to soft oxide breakdown at the E B level. On the other hand, at higher electric field, the hard oxide breakdown at the E HDB level is due to the combination of SE, PF emission, and FN tunneling. The investigation in the present study exposed an interesting area that requires further in-depth evaluation. For instance, incorporation of nitrogen may have large impact to bias temperature instability (BTI) performance of the device, which is worthwhile to be researched as future work.
